A horizontal water storage tank was analyzed for seismic shaking at the 5 th level of the ITER Tokamak Complex in France. The objectives were to: (a) estimate the seismic forces in the tank; (b) calculate the sloshing response of the tank; (c) determine if baffles are needed to control sloshing; and (d) evaluate the possibility of using a single fixed support in the longitudinal direction to allow free thermal expansion of the tank. Approximate conservative analysis predicted very high sloshing wave and seismic forces in the tank. Fluid-structure interaction of the tank showed that only about 28% of the liquid moves with the tank wall and generates seismic forces in the longitudinal direction. The remaining 72% of the liquid sloshes near the free-surface and does not generate significant seismic forces. The sloshing wave is not high enough in the longitudinal direction because the fundamental sloshing mode is not excited due to its very low natural frequency. Hence baffles are not needed to control sloshing. The seismic force was low enough that a single fixed support can resist the entire seismic force in the longitudinal direction.
Introduction
The seismic response of a liquid-storage tank can be understood by visualizing that the liquid in the tank is divided into two parts: (a) convective and (b) impulsive [1] [2] [3] [4] . The convective liquid sloshes independently of the tank wall and the impulsive liquid moves with (and deforms) the tank wall. The relative proportions of the convective and impulsive liquid depend on the ability of the tank to confine the liquid. Greater the confinement, greater is the impulsive liquid and smaller the convective liquid. The natural frequency of the convective vibration is low, but the natural frequency of the impulsive vibration is high. As a result, the convective liquid experiences low accelerations and high deformations, but the impulsive liquid experiences high accelerations and low deformations during seismic shaking. The convective liquid causes the free-surface to move up-and-down (slosh) but it does not apply significant pressures on the tank wall. The impulsive liquid applies pressures on the tank wall and induces seismic forces in the supports. The up-and-down movement of the free-surface can be reduced by adding baffles in the tank, but the baffles also confine the liquid and increase the impulsive mass hence the seismic forces. Therefore, a trade-off exists between the free-surface sloshing and the seismic forces in the tank.
The International Thermonuclear Experimental Reactor (ITER), currently under construction in France, has a Vacuum Vessel Pressure Suppression System (VVPSS). The VVPSS includes a horizontal tank filled with water to condense steam resulting from an in-vessel coolant leak in the vacuum vessel. The condensed steam can cause the temperature of the water to rise from room temperature to 80 C. The temperature rise will cause significant stresses in the tank shell if the tank is not able to expand freely in the longitudinal direction.
The tank is required to remain operational following the safe-shutdown earthquake (SSE) with a mean return period (MRP) of about 10,000 years. The inlet pipes from the top of the tank, also known as quenchers, are required to remain immersed in water during the SSE event. A predesign study was carried out to:
1. Estimate the sloshing response of the tank and assess the need for baffles to control sloshing; and 2. Estimate seismic force in the tank and evaluate the possibility of a single fixed-support to allow free thermal expansion of the tank in the longitudinal direction.
Tank Size, Location and Geometry
The VVPSS tank is located at level L5 of the ITER Tokamak Complex. The Tokamak Complex is base-isolated in both horizontal directions with elastomeric bearings [5] . Figure 1 shows a longitudinal section of the tank. The inner diameter of the tank is 5.8 m. The tank is 46.26 m long and it has a uniform wall thickness of 30 mm. The two ends of the tank have convex walls of 5.22 m radius. The tank rests on 9 saddle supports (not shown in Figure 1 ). The water level in the tank is 19 cm above the half point. The mass of the empty tank, including saddle supports, is 276,000 kg and the mass of the liquid in the tank is 675,000 kg. The total mass of the liquidfilled tank is 951,000 kg. The inlet pipes from the top of the tank (quenchers) are immersed 2.69 m into water ( Figure 1) ; they are along the middle section of the tank in the longitudinal direction. The material of the tank is stainless steel 304/304L with following properties: modulus of elasticity = 193 GPa, Poisson's ratio = 0.29, and mass density = 8,030 kg/m 3 .
Figure 1.
Longitudinal section of the VVPSS tank at ITER facility (all dimensions are in millimeters).
Seismic Floor Motions
The SSE level floor motions were provided by ITER in terms of the floor response spectra. According to ITER load specification guidelines [6] , the damping for convective (sloshing) modes of vibration is 0.5% of critical and the damping for impulsive (structural) modes of vibration is 3% of critical. The 0.5% damping response spectra were directly provided by ITER. The 3% damping response spectra were generated by logarithmic interpolation between the 2% and 5% damping response spectra in accordance with ITER load specification guidelines [6] . Figures 2, 3 and 4 show the 0.5% and 3% damping response spectra in the longitudinal, transverse and vertical directions of the tank. In these plots: the peak pseudo-velocity PPV is shown along the vertical axis; the peak pseudo-acceleration PPA is shown along the 45 axis (clockwise); the peak deformation PD is shown along the -45 axis (counter-clockwise); and the natural frequency F is along the horizontal axis. The PPA is shown in units of g = acceleration due to gravity = 9.81 m/s 2 . PPA, PPV and PD are relates to each other as follows: Figure 2 . SSE level floor response spectra for 0.5% and 3% of critical damping in the longitudinal direction of the tank.
The floor response spectra in the longitudinal ( Figure 2 ) and the transverse (Figure 3 ) directions show two prominent humps (peaks). The first hump is around a frequency of 0.5 Hz. This corresponds to the fundamental translational frequency of the base isolated Tokamak Complex. This could affect the sloshing response of the VVPSS tank. The second hump in the response spectra is around a frequency of 7 Hz. This corresponds to the rocking mode of vibration of the Tokamak Building due to axial deformation of the base isolators [5] . This could affect the impulsive (structural) response of the VVPSS tank. The Tokomak complex is not isolated in the vertical direction. The response spectra of vertical motion ( Figure 4) show a hump around a frequency of 7 Hz which again corresponds to the axial deformation of the elastomeric base isolators [5] . This could affect the impulsive response in the vertical direction of the VVPSS tank. The response spectra plots also show the peak values of floor acceleration and displacement in the three directions. The floor acceleration in the vertical direction is about five times the floor acceleration in the horizontal directions; the floor displacement in the vertical direction is about one-third the floor displacements in the horizontal directions. Thus the vertical motion is richer in high frequencies and the horizontal motion is richer in low frequencies. 
Conservative Analysis
If the tank were small and/or the input motions were not dominated by a few frequencies, it could have been conservatively assumed that the response acceleration of the tank-liquid system equals the peak of the 0.5% damping response spectrum, i.e., 1.76 g in the longitudinal direction ( Figure 2 ). However, this value is so high that the free-surface would make an angle of 60
(tan -1 1.76) with the horizontal [7] and expose the inlet pipes (quenchers) during SSE level shaking. Similarly, a conservative value of the base shear would be 1.769.81951,000/10 6 = 16.46 MN. Again, this value is so high that a single fixed-support will not be able to resist the entire seismic force in the longitudinal direction of the tank. Therefore, an approximate conservative analysis was not practical for this tank and it was decided to determine the sloshing wave height and the base shear from the fluid-structure interaction analysis. As a first step in this analysis, spectrum-compatible histories of floor motion were generated as described next.
Simulated Histories of Floor Motion
One set of tri-axial floor motions was simulated for the dynamic analysis of the VVPSS tank by using the following steps:
 Three components of a natural (recorded) earthquake motion were selected.
 Fourier amplitude and phase spectra of three components were generated from the Fast Fourier Transform (FFT).  The Fourier amplitudes were simultaneously modified in all three directions such that the response spectra of the modified motions match the 3% damping response spectra shown in Figures 2, 3 and 4 . The phase spectra in three directions were not modified; the original phase spectra were preserved in all three directions.  The simulated floor motions were corrected such that the integration and double-integration of the acceleration histories produces velocity and displacement histories without any trends. Figure 5 shows the acceleration, velocity and displacement histories of the simulated floor motion in the longitudinal direction of the tank. As expected from the shape of the response spectrum in the longitudinal direction (Figure 2 ), the simulated floor motion is dominated by the 0.5 Hz frequency. Figure 6 compares the 3% damping response spectrum of the simulated floor motion with the 3% damping floor response spectrum in the longitudinal direction. The match between the target and the achieved spectra is quite good. Similar matches between the target and the achieved response spectra were also achieved in the other two directions. The motion in the transverse direction has some high-frequency content consistent with the shape of the response spectrum in that direction ( Figure 3 ). The motion in the vertical direction is dominated by high frequencies, consistent with the shape of the response spectrum in the vertical direction ( Figure 4 ). Only one set of tri-axial floor motions was generated to confirm the preliminary design of the VVPSS tank. The final design of the tank should be checked with at least 3 sets of tri-axial floor motions.
Convective Modes of Vibration
Since convective (sloshing) modes of vibration have low natural frequencies, they are not affected by the deformation of the tank shell. Therefore, the convective response can be computed by assuming that the tank wall is rigid. A finite element model of the tank shell and fluid system was created in ANSYS [8] as shown in Figure 9 . In this model, the tank shell was assumed rigid and the saddle supports were not included. The water in the tank was explicitly modeled by ANSYS [8] fluid-element Fluid 80. The convective modes of vibration were extracted from the eigen-value analysis of the tank-liquid system. Table 1 lists the fundamental frequencies of the convective modes in the longitudinal and transverse directions of the tank. The sloshing frequencies in the transverse direction of the tank were confirmed with published literature. According to Budiansky [9] , the sloshing frequencies in a circular canal are given by the following equation:
in which, g = acceleration due to gravity; R = radius of the circular canal. Table 1 ).
There are no analytical studies available in the longitudinal direction of cylindrical horizontal tanks. Patkas et al. [10] have proposed the use of equivalent rectangular container for which the dynamic characteristics can be obtained using the study by Abramson [11] . The natural frequencies obtained by the use of equivalent rectangular container are 0. Table 2 lists the cumulative masses associated with the convective modes of vibration in the longitudinal and transverse directions of the tank. These masses were obtained by adding the mass participations of the first few modes of vibration. Hence, these are lower-bound values of the convective masses. The remaining liquid mass was considered impulsive, leading to a somewhat conservative estimate of the foundation forces. The mass of the liquid in the tank is 675,000 kg. In the longitudinal direction, the convective liquid mass is 72% of the total liquid mass. In the transverse direction, the convective liquid mass is only 42% of the total liquid mass. level, Karamanos et al. [12] report a higher value of the convective mass (about 54% of the total liquid mass) in the transverse direction. For the longitudinal direction, the equivalent rectangular container proposed by Patkas et al. [10] predicts 20% higher convective mass than that obtained from ANSYS [8] analysis. This discrepancy in convective masses can be studied in more detail during the final design. In this study of preliminary-design a lower value of the convective mass based on ANSYS [8] results was used to obtain conservative estimates of foundation forces. 
Impulsive Modes of Vibration
The impulsive liquid mass was obtained by subtracting the convective liquid mass (Table 2) from the total liquid mass of 675,000 kg. In the vertical direction, there is no sloshing response, therefore, the entire liquid mass is impulsive. Table 3 lists the impulsive liquid masses in the longitudinal, transverse and vertical directions of the tank. To extract the impulsive modes of vibration of the tank, a full model of the tank was constructed in ANSYS [8] as shown in Figure 10 . In the longitudinal direction, the portions of the concave end walls that come in contact with the water were made denser such that their mass increases by the mass of the impulsive liquid in the longitudinal direction. In the transverse direction, the tank shell which comes in contact with the liquid was made denser such that the mass of the tank shell increases by the mass of the impulsive liquid in the transverse direction. In the vertical direction, the tank shell which comes in contact with the liquid was made denser such that the mass of the tank shell increases by the mass of the impulsive liquid in the vertical direction. Two support conditions were analyzed in the longitudinal direction of the tank:
1. All fixed supports; and 2. Only one (middle) fixed support and other sliding supports to allow free thermal expansion of the tank.
The modes of vibration were extracted from the eigen-value analysis of the tank. Table 4 lists the natural frequencies and periods of the impulsive modes of vibration in the longitudinal, transverse and vertical directions of the tank. Note that when the number of fixed supports is reduced from 9 to 1 in the longitudinal direction the natural frequency reduces from 10.96 Hz to 3.76 Hz -a reduction by a factor of about 3. This implies that the flexibility in the longitudinal direction of the tank is due to the supports rather than the shell. Note also that the impulsive frequencies are much higher than the convective frequencies reported in Table 1 . This further justifies uncoupling of the convective response from the impulsive response. 
Sloshing Response
For sloshing response water in the tank was modeled explicitly by ANSYS [8] fluid-elements. The time history analysis of sloshing response was performed by using all convective modes of vibration. The damping for the sloshing modes of vibration was assumed to be 0.5% of critical as per ITER Guidelines [6] . Figure 11 shows the history of sloshing wave height (vertical motion of free-surface) due to shaking in the longitudinal direction of the tank. The maximum sloshing wave height is 38.5 cm. Since the inlet pipes are immersed 2.69 m into water, they cannot be exposed by SSE level seismic shaking. Frequency analysis of the sloshing response showed that the sloshing wave height in the longitudinal direction was controlled by the 6 th convective mode of vibration. Figure 12 shows the history of sloshing wave height (vertical motion of freesurface) in the transverse direction of the tank. The maximum sloshing wave height in the transverse direction is 137 cm. Due to low damping (0.5% of critical) the sloshing response is significant even after the seismic shaking has stopped at about 50 s ( Figures 5, 11 and 12 ). 
Base Shear and Reactions
The base shears were computed from the time history analysis using convective modes listed in Table 1 and all impulsive modes of vibration of tank-liquid system. Table 5 lists the natural frequencies and masses of a few convective and impulsive modes of vibration. The impulsive masses in Table 5 are higher than those in Table 3 because the masses in Table 3 are for the liquid only. The masses in Table 5 are for the entire tank-liquid system, which includes the liquid, tank shell and the supports. The last column in Table 5 lists the response accelerations read from the response spectra shown in Figures 2 and 3 . In the longitudinal direction the convective mass is 1.7 times the convective mass in the transverse direction. But the low convective frequency in the longitudinal direction causes low convective accelerations hence low convective base shear of only 0.0729 MN. In the transverse direction the convective base shear is 1.53 MN which is 33 times the value in the longitudinal direction. Since the tank is required to remain operational during the SSE level shaking, material yielding was not allowed. Hence, material nonlinearities were not modeled in the analysis. The response history analysis of impulsive response was performed by using all impulsive modes of vibration. The peak impulsive base shear in the longitudinal direction of the tank is 0.96 MN when all supports are fixed in the longitudinal direction. When only the middle support is fixed the impulsive base shear decreases to 0.888 MN. This is because a reduction in the natural frequency from 10.96 Hz to 3.76 Hz causes a reduction in the impulsive response acceleration according to Figure 2 which then reduces the impulsive base shear. Table 6 provides a summary of impulsive and convective base shears in the horizontal directions and impulsive reaction in the vertical direction of the tank. These values are somewhat higher than those obtained by multiplying the last two columns in Table 5 because: (a) only first few modes are listed in Table 5 , and (b) the spectra of simulated motions are somewhat different from the target spectra. The peak impulsive and convective base shears were combined by using the SRSS (square-root-of-sum-of-squares) method. The net peak base shears and vertical reaction in three directions are listed in the last column of Table 6 . 
